Introduction {#Sec1}
============

The baryon asymmetry of the universe is one of the open problems in particle physics. One possible solution is to have $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta B=2$$\end{document}$ transitions and in particular neutron--antineutron oscillations. This has been suggested long ago; see e.g. \[[@CR1]--[@CR5]\]. Recent reviews are \[[@CR6], [@CR7]\]. $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta B=2$$\end{document}$ transitions require a six-quark operator. These were classified in \[[@CR8]--[@CR10]\]. To obtain predictions of a particular model the coefficients of these operators need to be evolved to a low scale and then the matrix elements computed. This running is known to two-loop order \[[@CR11]\]. We will also use the notation of the operators used in that reference. In the past these matrix elements were estimated using models but now the first lattice calculations have appeared \[[@CR12], [@CR13]\]. These can be done at different quark masses from the physical ones and are necessarily at finite volume. Chiral Perturbation Theory (ChPT) allows to do estimate both of these effects.

The bounds on the mean oscillation time $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau > 8.6 \times 10^{7}$$\end{document}$ s from free neutrons \[[@CR14]\] and $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau > 2.7 \times 10^{8}$$\end{document}$ s from bound neutrons \[[@CR15]\]. The reason why the bound from bound neutrons is much lower than those for proton decay is that the antineutron inside nuclei is far off-shell, see e.g. \[[@CR16]\] for a clear explanation. For the same reason, strong magnetic shielding is needed for the free neutron experiments. A new free neutron experiment is proposed for ESS in Lund \[[@CR17]\] so a better estimate of the matrix elements will be very useful to put limits on $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta B=2$$\end{document}$ effects in theories beyond the Standard Model.

In this paper we construct the ChPT equivalents of the six-quark operators of \[[@CR11]\] and use these then to calculate the chiral and finite volume corrections in the isospin limit. The finite volume corrections are found to be small for $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\pi L>4$$\end{document}$ for the physical pion mass but chiral extrapolations can be substantial already for pion masses of order 200 MeV.

In Sect. [2](#Sec2){ref-type="sec"} we discuss shortly the quark operators of \[[@CR11]\] and their chiral representation. Sect. [3](#Sec3){ref-type="sec"} discusses the ChPT aspects. The main new result is the construction of the ChPT operators for neutron--antineutron transitions. This is done using the spurion technique. In Sect. [4](#Sec4){ref-type="sec"} we calculate the one-loop corrections in ChPT to the matrix elements and in Sect. [5](#Sec5){ref-type="sec"} we give some numerical results. Our main conclusions are given in Sect. [6](#Sec6){ref-type="sec"}. Appendix [A](#Sec7){ref-type="sec"} recalls some *SU*(2) identities used heavily in deriving the ChPT operators and the needed integrals are discussed in Appendix [B](#Sec8){ref-type="sec"}.

Preliminary results of this work were presented in the master thesis \[[@CR18]\] and at Lattice 2017 \[[@CR19]\]. Related work is in progress by Oosterhof et al. \[[@CR20]\].

Quark operators and chiral properties {#Sec2}
=====================================

The operator structure needed for $\documentclass[12pt]{minimal}
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                \begin{document}$$n\bar{n}$$\end{document}$-transitions contains six quark fields *dddduu* where under the chiral symmetry group $\documentclass[12pt]{minimal}
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                \begin{document}$$SU(2)_\mathrm{L}\times SU(2)_\mathrm{R}$$\end{document}$ each quark field can be in a left- or right-handed doublet. The operators were classified in \[[@CR8]--[@CR10]\] and rewritten in a basis that shows the chiral properties in \[[@CR11]\]. It was found that there are 14 operators that have six types of representations under the chiral group. There are three $\documentclass[12pt]{minimal}
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                \begin{document}$$(1_\mathrm{L},3_\mathrm{R})$$\end{document}$, one $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(1_\mathrm{L},7_\mathrm{R})$$\end{document}$ and three $\documentclass[12pt]{minimal}
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                \begin{document}$$(5_\mathrm{L},3_\mathrm{R})$$\end{document}$ operators, as well as their parity conjugates. The chiral loop corrections for the parity-conjugates are the same since the strong interactions are invariant under parity.

If we assume isospin conservation, only an $\documentclass[12pt]{minimal}
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                \begin{document}$$(5_\mathrm{L},3_\mathrm{R})$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(3_\mathrm{L},5_\mathrm{R})$$\end{document}$ operators contributes, this explains why the loop contributions for all those operators are the same, in fact one can show that the operators $\documentclass[12pt]{minimal}
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                \begin{document}$$(7_\mathrm{L},1_\mathrm{R})$$\end{document}$ operators do not contribute in the isospin limit. The operators are summarized in Table [1](#Tab1){ref-type="table"}.Table 1The chiral representations of the dimension-9 six-quark operators as listed in \[[@CR11]\] as well as the corresponding spurions. The indices on the spurions are $\documentclass[12pt]{minimal}
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Chiral perturbation theory {#Sec3}
==========================

We work in two-flavour ChPT and we use the heavy-baryon formalism \[[@CR21]\] (HBCHPT), a review and introduction is \[[@CR22]\]. The notation we use can be found in \[[@CR22]\] or \[[@CR23]\]. The lowest order meson Lagrangian is$$\documentclass[12pt]{minimal}
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                \begin{document}$$\tau ^a$$\end{document}$ the Pauli matrices. *B*, *F* are the two lowest-order (LO) low-energy constants (LECs). The $\documentclass[12pt]{minimal}
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Nucleons in a relativistic normalization can be included via a doublet field $\documentclass[12pt]{minimal}
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These properties are sufficient for our calculation. Higher order Lagrangians can be constructed in the same way as usual.
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The values to which the spurions need to be set to reproduce the quark level operators can be derived from the expressions in \[[@CR11]\]. They are (1 corresponds to an up-quark, 2 to a down-quark):$$\documentclass[12pt]{minimal}
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To summarize the neutron--antineutron part. If the Lagrangian at the quark-level is of the form$$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta _i$$\end{document}$ are long-distance parameters. The parity-conjugate operators can be included similarly.Fig. 3The numerical results of the pure loop contributions. **a** The infinite volume correction of ([24](#Equ24){ref-type=""}). **b** The finite volume correction of ([25](#Equ25){ref-type=""})

Analytical results {#Sec4}
==================
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Diagram (e) can be rewritten in terms of the integral$$\documentclass[12pt]{minimal}
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Numerical results {#Sec5}
=================
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Conclusions {#Sec6}
===========

In this paper we have constructed ChPT operators for the dimension 9 six-quark operators that contribute to neutron--antineutron oscillations. At order $\documentclass[12pt]{minimal}
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Our main results are the one-loop corrections in ([23](#Equ23){ref-type=""}), ([24](#Equ24){ref-type=""}) and ([25](#Equ25){ref-type=""}). We have shown numerical results. The finite volume corrections are small for $\documentclass[12pt]{minimal}
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Group theory {#Sec7}
============

*SU*(2) is a pseudoreal group with as generators $\documentclass[12pt]{minimal}
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Integrals {#Sec8}
=========

The integrals we need to calculate both at infinite and finite volume. In finite volume we replace the integral over spatial momenta by a sum. The techniques are well known both at finite and infinite volume, we use here \[[@CR22]\] and \[[@CR25]\].
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This also works at finite volume since *v* is in the temporal direction there.
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